The simultaneous emission of two electrons from condensed matter following the absorption of a linearly polarized photon is studied in the first order-perturbation theory for the radiation field, and within the dipole approximation. The double emission from localized and delocalized electronic states is considered. It is shown that spectra of the emitted pairs obey propensity rules expressed by the scalar product of the center-of-mass vector momentum of the pair and the photon's polarization vector. Furthermore, it is shown that diffraction of the pair from the lattice occurs when the pair's center-of-mass wave vector changes by a lattice reciprocal vector during the photoemission. For semi-infinite solids with delocalized valence electrons, an initial state is constructed from single-particle orbitals. Following the absorption of the photon the valence-band electron pair propagates into the vacuum within the screened electron-electron Coulomb potential. Numerical results for a clean Cu crystal are analyzed for photon polarization parallel and perpendicular to the surface.
I. INTRODUCTION
Over the last few decades angular-and spin-resolved ultraviolet single-photoemission spectroscopy ͑ARUPS͒ emerged as a powerful and widely used method to investigate the electronic structure of crystalline materials.
1, 2 This development has been driven by the growing demand for a detailed knowledge of technologically relevant physical properties of solids and their surfaces, e.g., catalytic reactions are mainly controlled by the electronic and geometric structure of surfaces.
Theoretical treatments of ARUPS are of special importance as they provide the linkage between the photocurrent measurements and the corresponding band structure.
1-3 A standard successful scheme for band-structure calculations relies on density-functional theory ͑DFT͒, 4 in which the electronic many-body problem is solved in a one-electron picture. Spatially uncoupled single-particle states are then determined self-consistently using an approximate expression for the exchange and correlation term. 5 Many aspects of the emission process are described within this single-particle picture, as a transition from an occupied one-electron orbital to a state describing the propagation of the photoelectron. The complicated many-body nature of the solid is then collectively subsumed in the screening and decay of the photoelectron, and the hole left behind. These screened, decaying quasiparticles can still be described by a single-particle wave equation. Experimental evidence for many-body effects shows up as subsidiary features in the photoelectron spectra.
In contrast, and as explicitly shown in the present work, a simultaneous two-orbital excitation by one photon is prohibited if spatial coupling between these orbitals is absent. Therefore, dealing with this process, the description of the electron-electron interaction must go beyond regarding it as a collective, spatially independent perturbation of the singleparticle orbitals. Thus it seems worthwhile to employ double photoemission ͑DPE͒ as an investigative tool for strongly correlated systems, such as Mott insulators, ferromagnetic materials with d and f levels, and high-temperature superconductors. In fact, as shown in this paper, to some extent DPE can be regarded as single photoemission of a ''quasiparticle'' formed by the electron pair. In addition to the known features of ARUPS, the spectra of this photoemitted ''quasiparticle'' reveal a dependence on the pair's internal degree of freedom that characterizes the mutual interaction of the two emitted electrons. Therefore, DPE experiments are expected to provide a direct insight into the influence of electronic correlation on initial and final many-body states.
In atomic and molecular physics, the explicit dependence of DPE on the interelectronic correlation is well established. 6 The first experiment of this kind on a He( 1 S e ) target was performed in 1993, 7 followed by a series of experiments on different targets at a variety of scattering geometries. [8] [9] [10] [11] [12] The theoretical treatments stimulated by these experiments revealed the strong dependence of this reaction on the detail of mutual electronic coupling, 8, 13, 15, 14, 16 as well as on properties of the radiation field. 17, 18 Very recently DPE from He( 1 S e ) with circularly polarized photons has been observed. 19, 20 DPE from Ni͑001͒ and Cu͑001͒ has just been reported. 21 Thus it is appropriate to consider DPE theoretically from solids and surfaces. Starting from the first-order perturbation theory and the dipole approximation for the photon field, a formal expression for the cross section of DPE is derived ͑transition rate normalized to the incoming photon-flux density͒. Subsequently, DPE from localized bulk states is studied and propensity rules are inferred. DPE from delocalized valence electrons is then investigated, and the selection rules in this case are discussed. Numerical examples for DPE from a clean Cu crystal are presented for p and s polarizations. Atomic units ͑a.u.͒ are used throughout.
II. THEORETICAL FRAMEWORK
For the derivation of the transition amplitude for simultaneous electron ejection, it is instructive to specify the properties of the radiation field. In what follows we assume a large photon density, so that the electromagnetic field can be treated classically ͑an upper limit for the photon density of concern here is given below͒. We operate in the Coulomb gauge, i.e., ٌ•Aϭ0, so that, in vacuum, we can set ⌽ϭ0, where A and ⌽ are the field vector and scalar potentials, respectively. It should be noted from the outset, however, that near a surface A may change rapidly which invalidates the assumption ٌ•Aϭ0 unless the dielectric constant ⑀ is unity. 22, 23 To avoid this case the photon energies have to be well above the plasmon energies. 24 For A we assume a monochromatic, plane-wave solution with a wave vector k, which is related to the photon frequency via kϭ␣, where ␣ is the fine-structure constant. The energy density of the ͑classical͒ radiation field averaged over the period T ϭ2/ is given by ϭ 2 A 2 /(2). Thus the energy-flux density, i.e., the intensity I, is given by Iϭ/␣. For a lowintensity field we can set A 2 Ϸ0 ͑for AϷ0.01 and a photon energy of 50 eV we arrive at a maximum intensity IϷ5 ϫ10 17 W/m 2 ). We assume the unperturbed system to be described by the Hamiltonian H, and to be in the stationary state ͉i͘ with energy ⑀ i , i.e.,
Under the time-dependent action of the photon field the system performs, within a time lap , a transition into vacuum states ͉ f ͘ which lay within the interval ␤ and ␤ϩd␤, where ␤ stands for collective quantum numbers that specify the final channel. In a time-dependent first-order perturbation treatment ͑only photoabsorption is considered here͒, a transition probability dw i f can be derived. 25 Thus we can define a transition rate dP i f ϭdw i f / that can be deduced to
where E f is the total energy in the final channel and E i ϭ ϩ⑀ i . Equation ͑2͒ sums over the unresolved quantum numbers ␣ i in the initial state. The perturbation W 0 in Eq. ͑2͒ amounts to
where p j are the one-particle momentum operators and ê is the polarization vector. As the differential cross section d/d␤ we define the transition rate normalized to the incoming flux density I/, i.e.,
In this work we consider moderate photon energies (Ͻ500 eV), and we can thus operate within the dipole approximation. In this case Eq. ͑4͒ reduces to
where the dipole-matrix element is given by
͑6͒
By making use of the canonical commutation relations Ϫi͓r j ,H͔ϭp j , and assuming that ͉i͘ and ͉ f ͘ are eigenfunctions of the same Hamiltonian H, the velocity form Eq. ͑5͒ can be converted into the length form
͑7͒
In practice, ͉i͘ and ͉ f ͘ are derived using different approximate procedures for H, and thus the velocity and length forms yield, in general, different predictions. Conversely, equivalent cross sections, calculated within the length and velocity forms, mean merely that the same approximations have been made in the initial and final channel, but they say, however nothing about the quality of these approximations.
Nevertheless, it is desirable to choose ͉i͘ and ͉ f ͘ as eigenstates of the same ͑approximate͒ Hamiltonian to preclude spurious transitions in the absence of the perturbation W 0 . Regardless of the form in which the dipole operator is presented, its mathematical structure is always a sum of single-particle operators. This has the following important consequence: If we assume ͉i͘ and ͉ f ͘ to be written in terms of orthonormal single-particle orbitals j (r j ), in the simplest case as
then the matrix element ͑6͒ is finite for single-orbital excitation, only, e.g., single photoemission. In other words, DPE is prohibited in a single-particle picture. This is readily concluded in the simplest case of two orbital excitation l , k , which is the minimal requirement for DPE:
are the participating single particle orbitals in the initial ͑final͒ channel. From Eq. ͑9͒ it follows that DPE is a direct signature of coupling between single-particle orbitals, at least those of the electrons simultaneously detected in the final state, i.e., the two photoelectrons must be correlated in initial and/or final state. This conclusion is also valid for an antisymmetrized product of spatially independent single-particle orbitals. It should be stressed that Eq. ͑9͒ and the single-particle nature of the perturbation ͓Eq. ͑3͔͒ do not mean that the photon can only be absorbed by one electron, and the other electron is emitted by means of coupling or inelastic scattering with the former one. To see this, let us assume the holes created by the process to be long lived on the scale of the characteristic interaction time and neglect any phonon excitation. In this case a frozen-core approximation is appropriate. In addition, if the photoelectrons are represented by the correlated initial ͑final͒ state i (r l ,r k ) ͓ f (r l ,r k )͔ we can always canonically transform to the coordinate system r ϩ ϭ(r l ϩr k )/2, r Ϫ ϭr l Ϫr k . In this case the photoabsorption matrix element ͑6͒ takes on the
͘/2 which means that the photon is absorbed by the center-ofmass coordinate r ϩ of the two-electron system. This simultaneous photoabsorption is fundamentally distinct from the process of single photoemission accompanied by secondary vacuum-electron creation.
III. DOUBLE PHOTOEMISSION FROM LOCALIZED ELECTRONIC STATES
In the rest of this work we assume a frozen-core approximation, i.e., only the degrees of freedom of the two emitted electrons are affected by the photoabsorption process. To obtain an insight into the structure of the matrix element M f i , we consider first the DPE of localized electrons, e.g., core electronic states or valence-band electrons of insulators. The initial state can then be described by a tight-binding two-electron wave function, whereas the vacuum motion of the electrons is assumed to be free and characterized by the momenta k a and k b , as measured in a coincidence experiment ͑uncorrelated final-state Bloch waves lead basically to the same conclusion͒. Equation ͑6͒ can be written in the form
where R l designates the core sites, and i describes the localized two-electron initial state with Bloch wave vectors k a Ј and k b Ј . The constant C derives from the normalization of the initial-and final-state wave functions. After some elementary manipulation the magnitude of
where q i ϭk a Јϩk b Ј ,q f ϭk a ϩk b are the wave vectors of the pair's center of mass in the initial and final states, respectively, and G is a bulk reciprocal-lattice vector. The atomic matrix element M f i atom is given by
In momentum-space representation
In Eq. ͑13͒ ͉p,pЈ͘ denotes a complete set of plane waves, and i (k a ,k b ) is the double Fourier transform of the initial state. Note that Eqs. ͑12͒ and ͑13͒ do not factorize in singleparticle contributions due to the correlated state i (r,rЈ). From Eqs. ͑11͒-͑13͒, three important conclusions are drawn. ͑a͒ According to the von Laue-like conditions in Eq. ͑11͒, diffraction of the pair occurs when the center-of-mass momentum of the pair changes by a reciprocal bulk vector due to the emission process. This ͑and the selection rules stated below͒ is equivalent to assuming the pair as a quasiparticle with momentum k a ϩk b ͑the pair's center-of-mass momentum͒ and performing single photoemission of this quasiparticle.
͑b͒ The selection rules for M f i atom can be summarized in the equation ê•(k a ϩk b )ϭ0, i.e., double photoemission is forbidden if the momentum of the two-electron center of mass is perpendicular to the polarization vector ê or if k a ϭ Ϫk b . In addition the structure of i (k a ,k b ), which is very much dependent on the symmetry of the investigated core level, imposes additional restrictions on the DPE spectra. These conclusions remain valid if we allow for mutual repulsion of the outgoing electrons, but disregard the final-channel coupling to the cores. This can be deduced in a similar manner as in Eq. ͑22͒. In cases where the motion of the vacuum electrons is influenced by the core potentials, atomic selection rules for the double photoionization applies. 13, 16, 17 ͑c͒ If the magnetic sublevels of the two-electron orbital i are statistically populated ͑which is usually the case͒, then ͉M f i ͉ 2 , and hence the cross section, shows in general a circular dichroism with respect to inversion of the helicity of the incoming radiation. This is readily deduced from the analysis performed in Refs. 17 and 18. Note that, in the absence of a preferential orientation of the initial state and a spin analysis of the photoelectrons, as assumed in this work, the aforementioned dichroism vanishes identically for single photoemission.
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IV. DOUBLE PHOTOEMISSION OF DELOCALIZED ELECTRONIC STATES
In this section we consider double photoemission from s-p bonded ͑simple͒ metal surfaces like Na and Al. In this case the cores scatter the conduction-band electrons only weakly. The momentum distribution of the conduction-band electrons can then, to a good approximation, be simulated by jellium states. In the jellium model the ionic cores are smeared to a uniform constant positive ''background charge.'' The electrons are bound to the metal half-space (zϽ0) by the step-potential barrier V 0 ͑at zϭ0)
where ⑀ F is the Fermi energy and W is the work function. Within the metal volume V the conduction-band electrons are treated as free particles. The density of states DOS is given by that of the free-electron gas ͑apart from a factor 2 due to electronic spin states͒ DOS ϭV/(4 3 ). As the binding potential V 0 is steplike, the single-particle jellium wave
Ј , can be represented in terms of reflection and transmission coefficients:
where k j,z Ј and z j are, respectively, the components of k j Ј ,r j with respect to the normal of the surface ͑pointing into the vacuum͒, and k j,ʈ Ј ,r j,ʈ are the corresponding components parallel to the surface. The reflection and transmission coefficients R and T are given by
and ␥ϭͱ2V 0 ϪkЈ j 2 . As in the jellium model the electrons are considered to be quasifree, for the two-electron initial state ͉i͘ we employ a ͑singlet͒ symmetrized direct product of two jellium singleparticle states, i.e.,
The total binding energy ⑀ i of this state is ⑀ i ϭ⑀ a (k a Ј)ϩ⑀ b (k b Ј) with parabolic dispersion for the single particle states. State ͑17͒ is energetically favored with respect to its antisymmetric ͑triplet͒ counterpart. As the initial state ͓Eq. ͑17͔͒ does not contain any interelectronic coupling, it is essential to incorporate the interelectronic interaction in the final state. To this end we note that the asymptotic two-electron vacuum state ͉k a ,k b ͘, that is defined by the measured momenta k a and k b , where E f ϭE a ϩE b and E a ϭk a 2 /2, E b ϭk b 2 /2 are the electrons' energies, is an eigenstate of the two-electron kinetic-energy operator K, i.e.,
The final state ͉ f ͘ is then obtained by the time-reversed evolution ͑back to the time of absorption͒ mediated by the Mo "ller operator ⍀ Ϫ ϭ(1ϩG Ϫ V), 26 i.e.,
where G Ϫ is the resolvant ͑Green operator͒ of total Hamiltonian H which satisfies the Dyson equation
and G 0 is the Green operator of the noninteracting system ͑with outgoing wave boundary conditions͒. Contrasting the state vector ͑19͒ with that used in single photoemission, 1 it can be said that ͉ f ͘ is the time-reversed low-energy electrondiffraction ͑LEED͒ state of the coupled electron pair. 24 From Eqs. ͑19͒ and ͑20͒, it is evident that, after absorption of the photon, the two electrons interact with all degrees of freedom of the system, described by H ͑such as diffraction from the lattice, elastic, and inelastic collisions and collective excitations͒ before emerging with the asymptotic momenta k a and k b . These interactions are basically contained in the complex two-particle self-energy V that appears in Eqs. ͑20͒ and ͑19͒. 3, 27, 28 The non-Hermitian character of V accounts for damping processes of the photoelectron flux and energetic shifts in the quasi-particle spectrum. Considering the difficulties encountered in adequately estimating the single-particle self energy, 3 it is obvious that calculating the two-particle self-energy is a very delicate problem. Hence, we replace it in the rest of this work by the ͑real͒ potential. In addition, as the electron-electron interaction V ee is inevitable for coherent DPE we regard this interaction as the ''strong'' potential with respect to the surface-photoelectron coupling, i.e., we employ the approximation VϷV ee . For V ee we assume a screened Coulomb potential, with the screening constant derived from the Thomas-Fermi model. 29 Under these circumstances Eq. ͑19͒ reduces to
with G ee Ϫ being the propogator within the potential V ee . With Eqs. ͑21͒ and ͑17͒, we can now obtain an estimate of the transition probability M f i , given by Eq. ͑6͒. Since V ee and G ee are dependent on interelectronic degrees of freedom only, properties of M f i are most transparent in the representation r ϩ r Ϫ that, as previously mentioned, can be canonically mapped onto r a r b ͓r ϩ ϭ(r a ϩr b )/2,r Ϫ ϭr a Ϫr b ͔.
where k Ϫ ϭ(k a Ϫk b )/2, k ϩ ϭk a ϩk b , and ͉q Ϫ ,q ϩ ͘ is a complete set in the space reciprocal to r ϩ r Ϫ .
According to Eq. ͑22͒ the propensity rules ê•k ϩ ϭ0, as discussed in Sec. III, apply. As it is clear from the derivation of Eq. ͑22͒ these rules do not depend on the structure of the initially bound state ͉͘. They are rather an immediate consequence of the approximation made to arrive at Eq. ͑21͒.
V. CALCULATION OF THE DIPOLE-MATRIX ELEMENT
In spite of the simple analytical structure of the wave function ͑17͒, the evaluation of the transition amplitude ͑22͒ is mathematically involved and, till now, only possible within the approximation G ee ϩ ϷG 0 ϩ , i.e., in LEED language, within the kinematical approximation. 30 The derivation of M f i is presented in the Appendix. The final result can be written as
͑23͒
where
and
, jϭa,b, are given by Eqs. ͑A9͒ and ͑A4͒, respectively. Equations ͑24͒ and ͑25͒ reflect the basic difference between single and simultaneous double photoemission: Term ͑24͒ contains no final-state correlation of the pairs. The DPE is then regarded as two independent single photoemission processes. Consequently, the surface components of the wave vectors of the individual electrons is conserved during the ejection, and for each absorption process the selection rules for the single photoemission apply. In contrast, as a result of including electronic correlation in Eq. ͑25͒ only the surface component of the pair's center-of-mass wave vector is invariant during the reaction. Under this constraint the surface components of the wave vectors of the individual electrons may well not be conserved ͑due to momentum exchange͒. As mentioned in the preceding sections, the amplitude ͓Eq. ͑24͔͒ must vanish, for initial-and final-state electronic correlation are disregarded. In fact extensive numerical calculations have shown that ͉T spe ͉ is negligible with respect to ͉T dpe ͉ ͑typically six order of magnitudes smaller͒.
Double emission probabilities
In a recent double photoemission experiment 21 on Cu͑001͒ and Ni͑001͒, the coincidence rate has been measured as function of k a , k b , and . The Bloch wave vectors of the initially bound electronic states were not specified ͓actually a Bloch wave vector of the electron pair is a more appropriate designation of these states ͑cf. Eq. ͑25͔͒. Thus, Eq. ͑5͒ yields
where k rec is related to the recoil momentum of the crystal ͑free electrons cannot absorb the photon͒. The one-particle density of states at the temperature T is referred to as (kЈ j ), jϭa,b, and F(kЈ j ,T) is the Fermi distribution. The initial total energy E i can be estimated assuming the conduction band of the pair as being formed of independent bands of the single electrons, i.e.,
͑In contrast to atomic systems, this approximation is reasonable due to the collective screening of the electron-electron interaction͒. In Eq. ͑26͒ the dependence of on k rec is fixed by the conservation of linear momentum. For the approximate initial state ͓Eq. ͑17͔͒ which leads to the matrix element ͑23͒ and at Tϭ0, Eq. ͑26͒ simplifies to
where k F is the Fermi momentum for the single-particle band. The six-dimensional integral in Eq. ͑27͒ can be analytically reduced to three-dimensional ones that have been performed numerically.
Employing Eq. ͑27͒, we consider the energy sharing of the two-photoelectron pair emitted from Cu͑001͒ for sphoton polarization ͑see the inset in Fig. 1͒ . As the electron detectors have the same relative angles with respect to the wave vector of the photons ͑the inset in Fig. 1͒ , the vector momentum of the pair k a ϩk b is perpendicular to the surface, and hence to the polarization vector, for equal-energy electrons. Consequently, double photoemission is forbidden for k a ϭk b , as is obvious from Eq. ͑25͒. The corresponding experiment 21 shows an evident decrease of the cross section at k a ϭk b . However, these data cannot be directly compared with the predictions of Fig. 1 , since another competing channel for the double emission is not considered here, namely, that of single photoelectron emission followed by electronelectron inelastic collision. In contrast to gaseous targets, like in atomic physics, this channel is expected to be quite strong for metallic samples due to the much higher density of the active electrons.
In the second example we consider the case of Fig. 1 for grazing photon incidence, i.e., for nearly p polarization. As is evident from Eq. ͑25͒, the factor ê•(k a ϩk b ) implies a maximum intensity when the center-of-mass momentum is parallel to the polarization vector, which is clearly confirmed by Fig. 2 .
For the two-electron band, we define a Fermi energy E F ϭ2⑀ F . In Fig. 1 , the double emission occurred from states just below E F . For double emission from the bottom of the two-electron band, we observe a squeezing of the distribution toward equal energy sharing, as seen in Fig. 3 . This effect has also been experimentally observed. Till now I have no profound explanation for this trend that also showed up in equivalent calculations for Al and Ni targets.
VI. CONCLUSION
In this work a theory has been presented for the treatment of one-photon-two-electron excitation from solids and surfaces. It has been argued that this process is a footprint of electron-electron coupling in the final and/or initial state. Fig. 1 ; however, as demonstrated by the inset, the photon beam is now in grazing incidence (10°with respect to the surface͒. One of the electron detectors ͑say detector a) is fixed right to the surface normal at an angle of 50°, whereas the other detector is positioned left the surface normal at an angle of 30°. The coordinate system and the geometry are sketched in the inset. Fig. 1 , with the same incident photon energy; however, the total excess energy of the pair is lowered to E tot ϭ24 eV.
FIG. 2. Same energies as
FIG. 3. Same geometry as in
FIG. 1. The double-photoemission cross section ͓Eq. ͑27͔͒ as function of the energy sharing of two electrons emitted from a clean Cu monocrystal upon the absorption of a linearly polarized photon. The photon's wave vector k is normal to the surface, whereas the electron detectors are fixed at 40°to the left and right of k ͑see the inset͒. The photon incident energy is ϭ45 eV, and the total excess energy of the pair is chosen as E tot ϭE a ϩE b ϭ34 eV.
From the mathematical analysis, it has been inferred that the pairs' spectra are subject to certain selection rules that lead to vanishing emission intensity when the vector momentum of the pair is perpendicular to the polarization vector. In addition, it has been shown that the excited pair undergoes a diffraction from the lattice when their center-of-mass vector momentum changes by multiples of a reciprocal vector. Starting from single-particle jellium states for the delocalized conduction electrons, the optical transition amplitude has been derived analytically. Numerical examples for clean Cu crystal have been presented.
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APPENDIX: ANALYTICAL EVALUATION OF DIPOLE-TRANSITION AMPLITUDE
In this appendix I derive an expression for the transition amplitude M f i ͓Eq. ͑6͔͒ using the approximate initial and final states, given by Eqs. ͑17͒ and ͑21͒, respectively. For the electron-electron interaction V ee I assume a screened Coulomb potential with a screening constant , i.e.,
Upon inserting a complete set of plane waves ͉q 1 ,q 2 ͘, M f i can be written in the form
͑A2͒
where the double Fourier transform (k a ,k b ) is easily constructed from the Fourier transform of the single-particle jellium wave functions (k j ), jϭa,b,
͑A4͒
The infinitesimal real variable ␦Ͼ0 has been introduced to account for the finite extension of the surface in the direction zϽ0, and can be set to zero ͑infinite extension͒ in the final result. Formally, the first term in expression ͑A2͒ should vanish, since initial and final states are combinations of independent single-particle states. In fact, numerical investigations have shown that magnitude of this term is negligibly small with respect to the terms ͉M 
͑A5͒
The two-body Green operator G ee ϩ satisfies an interative integral equation similar to Eq. ͑20͒ with V being replaced by V ee . That is, in a perturbative sense, the interelectronic interaction is taken into account to infinite order. Unfortunately, it has not yet been possible to evaluate Eq. ͑A5͒ with the full G ee ϩ . Thus we replace G ee ϩ by the free Green operator G 0 ϩ , and V ee is treated to first order ͓this approximation is less severe than in atomic and molecular reactions since the potential ͑A1͒ is screened͔. The expressions ͑A5͒ are obtained from the integral where ⌳ªk a ϩk b Ϫq. Making use of Eq. ͑A3͒, and upon some elementary algebraic manipulation, Eq. ͑A7͒ is transformed to the one-dimensional integral on the real axis:
